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the GABAergic NPY/AgRP neurons (Fig-
ure 1C). However, when the degenera-
tion of these cells is rapid, perhaps no 
adaptive response can occur to promote 
survival, thus explaining why ablation of 
NPY/AgRP neurons in adult mice results 
in starvation. A thorough comprehen-
sion of the molecular, cellular, and mor-
phological adaptations that take place 
during degeneration of the NPY/AgRP 
neurons of the arcuate nucleus will bring 
new insights not only to the regulation of 
energy metabolism but also to under-
standing the basic principles of how 
neural circuits are remodeled.
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There is a strong correlation between age, genomic instability, and the development of cancer. 
Working in yeast, Veatch et al. (2009) now propose that defects in the biogenesis of iron-sulfur 
clusters arising as a consequence of mitochondrial dysfunction contribute to the increase in 
genomic instability as cells age.
*Correspondence: sandra.vergara@duke.eduAs humans approach middle age, the inci-
dence of cancer grows exponentially with 
a lifetime risk of developing the disease 
of one in two for men and one in three for 
women (DePinho, 2000). This increase 
may be partially explained by the lifetime 
accumulation of somatic mutations that 
lead to the inactivation of tumor suppres-
sor genes and activation of oncogenes. 
However, the number of mutations found 
in cells from older individuals is higher than 
would be expected if mutations occur at 
a constant rate. In addition, the accumu-
lation of spontaneous mutations alone 
cannot account for the large number of 
genomic alterations characteristic of can-
cers, including aneuploidy and other chro-
mosomal aberrations. Instead, a plethora 
of studies suggest that one or more cel-
lular events lead to a higher-than-normal 
rate of mutation, thereby increasing the probability of catastrophic genomic alter-
ations. In this issue of Cell, Veatch et al. 
(2009), postulate that damage or loss of 
mitochondrial DNA (mtDNA) in aging cells 
precipitates a cellular crisis characterized 
by a gradual reduction in growth rates, G1 
cell cycle arrest, and decreased nuclear 
genome stability (Figure 1). These findings 
suggest that genomic instability arises 
from mitochondrial dysfunction and, more 
specifically, because of defects in the bio-
genesis of iron-sulfur (Fe-S) clusters.
Loss of heterozygosity (LOH) typically 
arises from defects in DNA repair mech-
anisms, from gross chromosomal rear-
rangements, or from errors in chromosome 
segregation. Thus, the frequency of LOH 
events may be interpreted as a measure of 
nuclear genomic stability. Using a colony-
sectoring method to measure LOH events 
as a function of daughter cell generation in Cell 13baker’s yeast (McMurray, and Gottschling, 
2003), Veatch et al. investigate the role of 
mitochondrial function in genome stability 
and identify an important mechanistic link 
between LOH and mitochondrial dysfunc-
tion. The authors find that daughter cells 
from aging mothers give rise to small colo-
nies that are unable to respire (petites), pri-
marily as a consequence of damage to or 
total loss of mtDNA. Interestingly, the over-
whelming fraction of these petites also dis-
play a dramatically increased frequency of 
nuclear LOH. As the elimination of mtDNA 
from young cells, via genetic or pharmaco-
logical manipulation, also produces petite 
colonies with a higher frequency of nuclear 
LOH events, the authors further conclude 
that mitochondrial dysfunction that is 
associated with aging, rather than aging 
itself, leads to increased nuclear genomic 
instability.7, June 26, 2009 ©2009 Elsevier Inc. 1179
figure 1. Mitochondrial Dysfunction and Genome Instability
(A) Aging-dependent loss of mitochondrial function leads to decreased mitochondrial membrane po-
tential, mitochondrial dysfunction, and defects in Fe-S cluster synthesis. This state of cellular crisis is 
characterized by a gradual reduction in growth rates, G1 cell cycle arrest, and decreased nuclear genome 
stability.
(B) Aging mother cells lose their mitochondrial DNA over time, leading to slow growth, G1 cell cycle ar-
rest, and high heterogeneity, which contributes to the selection of nuclear mutations that improve growth 
even in the absence of a mitochondrial genome.Although mitochondrial DNA (mtDNA) 
is dispensable for cell growth in yeast and 
some mammalian cells, the organelle is 
essential for cell viability (Nagley, and Lin-
nane, 1970; King and Attardi, 1989). Mito-
chondrial genes encode proteins involved 
in respiration and oxidative phosphoryla-
tion, mitochondrial mRNA translation, 
and other mitochondrial functions. Thus, 
it is perhaps not surprising that loss of 
mtDNA has pleiotropic effects on cell 
growth and metabolism. The generation 
of cells lacking functional mitochondrial 
DNA results in a progressive retardation 
of growth rate such that after 30 hr it takes 
the cells five times as long to double com-
pared to cells with intact mitochondrial 
genomes. Veatch et al. show that after 
loss of mtDNA, cells experience a crisis 
characterized by growth retardation, a 
high incidence of G1 cell cycle arrest, and 
an increase in nuclear genomic instabil-
ity. Some cells adapt to the crisis, which 
might involve selection for the acquisition 
of nuclear mutations that improve growth 
even in the absence of a mitochondrial 
genome (Figure 1B).
One possible explanation for the crisis 
that follows the loss of mtDNA may be 
the loss in respiratory capacity. However, 
cells that overcome the crisis remain 
unable to respire, and targeted muta-
tions in nuclear encoded genes required 
for respiration display neither defects in 
growth nor elevated LOH. These obser-
vations strongly suggest that loss of 
mtDNA imparts cellular defects in addi-
tion to the inability to respire. In fact, it 
has been shown in both mammalian and 1180 Cell 137, June 26, 2009 ©2009 Elsevieyeast cells that loss of mtDNA leads to 
a decrease of inner-mitochondrial mem-
brane potential (Jazayeri et al., 2003). 
Veatch and colleagues hypothesize that 
a reduction in mitochondrial membrane 
potential contributes to the crisis asso-
ciated with loss of the mitochondrial 
genome. The elimination of mtDNA from 
a strain harboring a hyperactive allele of 
F1 ATP-synthase, which produces higher 
than normal mitochondrial membrane 
potential, presents none of the pheno-
types associated with the crisis.
Having demonstrated that a loss of mito-
chondrial membrane potential contributes 
to the genomic instability observed in cells 
lacking functional mtDNA, Veatch et al. 
propose a mechanism that links mitochon-
drial function to nuclear genomic stability. 
In addition to their importance in energy 
production and metabolism, mitochondria 
are also the site for Fe-S cluster biogen-
esis. Fe-S clusters are cofactors that serve 
as electron carriers, chemical catalysts, 
or structural moieties of proteins. Their 
importance is underscored by the wide 
array of reactions in which they participate, 
including mitochondrial energy produc-
tion, amino acid biosynthesis, translational 
regulation, tRNA-modification, ribosome 
assembly, transcription, DNA synthesis 
and repair, and Fe metabolism (Lill and 
Mühlenhoff, 2008). Veatch and colleagues 
suggest that after the loss of mtDNA, cells 
experience a drop in mitochondrial mem-
brane potential, causing a defect in the 
transport of molecules into and out of the 
mitochondria, which in turn decreases cel-
lular Fe-S cluster biogenesis.r Inc.Damage to the mitochondrial machin-
ery for Fe-S cluster assembly or export 
triggers the activation of the Fe regulon, 
which consists of consists of a group of 
genes encoding proteins involved in the 
uptake, distribution, and utilization of cel-
lular Fe. It also includes genes encoding 
the mRNA binding proteins Cth1 and Cth2, 
which trigger the degradation of the spe-
cific mRNAs in response to Fe deficiency 
(Puig et al., 2008). The activation of the 
regulon leads to increased Fe uptake and 
elevated levels of intracellular Fe. Veatch 
et al. reveal that mRNAs corresponding to 
the Fe regulon are upregulated in petite 
cells. In addition, many transcripts encod-
ing Fe-dependent proteins degraded dur-
ing Fe starvation are downregulated. This 
expression profile resembles cells with 
intact mtDNA in which the machineries for 
mitochondrial Fe-S assembly or export 
have been disrupted, and differs from 
cells with reduced activity of the cytoso-
lic machinery for Fe-S cluster assembly, 
which mediates loading of cytoplasmic 
and nuclear proteins with Fe-S clusters 
(Lill and Mühlenhoff, 2008).
Importantly, the expression profile from 
petite cells from a background strain that 
has increased mitochondrial membrane 
potential is partially reversed. Although 
these data are indicative of Fe starva-
tion, total cellular Fe levels in petite cells 
are ?3-fold higher than in cells with 
intact mitochondrial genomes. In addi-
tion, the heightened accumulation of Fe 
is dependent on the activity of the Aft1/2 
transcription factors. Whether the cyto-
sol or mitochondria is the primary site of 
Fe accumulation is not ascertained by the 
authors. Although Fe-induced damage of 
nuclear DNA could explain the connec-
tion between loss of mtDNA and genomic 
instability, the authors show that the occur-
rence of LOH is not reduced in petite cells 
in which Fe hyperaccumulation is alleviated 
by genetic means. Perhaps most interest-
ing is the evidence in cells with wild-type 
mtDNA suggesting that repression of 
the machinery for cytosolic Fe-S cluster 
assembly leads to an elevated incidence 
of LOH, even though the cells presumably 
have intact mitochondrial function.
Veatch and colleagues propose the 
following model to explain the age-asso-
ciated genomic instability observed in 
yeast, and ostensibly in human cells. As 
the cell reaches middle age, mitochondrial 
function decreases, leading to a cellular 
crisis that is characterized by reduced 
cell growth, G1 cell cycle arrest, and dam-
age or loss of mtDNA (Figure 1). The loss 
of mitochondrial genome has pleiotropic 
effects, including the decrease in inner 
mitochondrial membrane potential. As 
a result, transport of molecules into and 
out of the mitochondrial matrix is defec-
tive, leading to impaired Fe-S cluster bio-
genesis. The authors speculate that one 
or more proteins that bind Fe-S, such as 
Rad3 helicase, Pri2 primase, or Ntg2 gly-
cosylase, may be critical for genome sta-
bility.
A number of compelling questions 
remain. What is the underlying mecha-
nism leading to the decrease in mito-The epidermal growth factor receptor 
(EGFR), also known as ErbB1 or HER1, 
together with three related receptors, 
ErbB2/HER2, ErbB3/HER3, and ErbB4/
HER4, constitute a subgroup of the 
receptor tyrosine kinase family of cell 
surface receptors. Receptors of the 
EGFR subgroup are critical compo-
nents of signaling pathways that govern 
cell growth and differentiation during 
embryogenesis and adult homeosta-
sis (Schlessinger, 2002). Hyperactivity 
of these receptors, either by mutation 
or overexpression of ligand or receptor, 
contributes to a variety of human can-
cers (Sergina and Moasser, 2007). Find-
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The activation process for the e
asymmetric dimer of the tyrosin
(2009) in Molecular Cell now dem
role in stabilizing this dimer.chondrial function with aging? How might 
the mechanisms by which cells escape 
this crisis relate to the proliferation of 
cancer cells? Both historic and recent 
studies underscore the connections 
between mitochondrial function, cellular 
metabolism, and cancer cell proliferation 
(Warburg, 1956; Wallace, 2005). Perhaps 
changes in the metabolism of Fe, or other 
minerals, should be further explored as 
critical mediators of genetic changes in 
human disease.
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Although EGFR was the first receptor 
tyrosine kinase to be discovered (Car-
penter et al., 1978), its activation mecha-
nisms have proven to be “nonclassical” 
at nearly every step. Unlike the dimeric 
ligands for other receptor tyrosine 
kinases, EGF is monomeric and forms 
a 1:1 complex with the EGFR ectodo-
main. Receptor dimerization is enabled 
through a conformational change in the 
ectodomain induced by ligand binding 
(Burgess et al., 2003) (Figure 1).
The mechanism of EGFR kinase acti-
vation in the ligand-stabilized receptor 
dimer also differs from the canonical 
mechanism, in which the two juxtaposed 
f eGfR  
, New York University School of Medicine, 
(EGFR) involves formation of an 
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e region of EGFR plays a crucial 
